We analyze galaxies in 300 nearby groups and clusters identified in the Sloan Digital Sky Survey using a photometric gas mass indicator that is useful for estimating the degree to which the interstellar medium of a cluster galaxy has been depleted. We study the radial dependence of inferred gas mass fractions for galaxies of different stellar masses and stellar surface densities. At fixed clustercentric distance and at fixed stellar mass, lower density galaxies are more strongly depleted of their gas than higher density galaxies. An analysis of depletion trends in the two-dimensional plane of stellar mass M * and stellar mass surface density µ * reveals that gas depletion at fixed clustercentric radius is much more sensitive to the density of a galaxy than to its mass. We suggest that low density galaxies are more easily depleted of their gas, because they are more easily affected by ram-pressure and/or tidal forces. We also look at the dependence of our gas fraction/radius relations on the velocity dispersion of the cluster, finding no clear systematic trend.
INTRODUCTION
The observed variation in galaxy colours, star formation rates, cold gas fractions as a function of distance from the centers of groups and clusters places important constraints on the physical processes that affect the gas in galaxies as they evolve within a hierarchy of merging dark matter halos (e.g. Diaferio et al. 2001; Okamoto & Nagashima 2003) .
Semi-analytic models of galaxy formation developed in the early 1990's (e.g. Kauffmann et al. 1993; Cole et al. 1994 ) made the simplistic assumption that after a galaxy was accreted by a larger dark matter halo and became a satellite, its reservoir of hot gas would be stripped instantaneously and would form part of the hot atmosphere bound to the common halo. It was also assumed that the cold gas in a galaxy was not affected by stripping processes and the timescale for the satellite galaxy to redden was set by the rate at which the cold gas was used up by star formation. Comparison of these models with group and cluster galaxies from the Sloan Digital Sky Survey revealed that the predicted fraction of blue satellite galaxies was too low (Weinmann et al. 2006) . This discovery was then followed by ⋆ E-mail:xtwfn@bao.ac.cn † LAMOST fellow considerable effort to fix the models by relaxing the assumption that the hot gas reservoir around a satellite is stripped instantaneously following accretion (e.g. Font et al. 2008; Weinmann et al. 2010; Guo et al. 2011) . If satellite galaxies are able to retain a significant fraction of their hot gas for several gigayears following accretion, their colours are found to be in much better agreement with data.
One important constraint from the observations that has not been considered in much detail up to now, is the fact that the increase in the fraction of red galaxies from the outskirts of rich groups and clusters to their centers, is strongly dependent on galaxy mass. As shown in Figure 7 of von der , the fraction of red galaxies with stellar masses in the range 3 × 10 9 M⊙ to 10 10 M⊙ increases by a factor 4 from 0.2 at the virial radius of the cluster to 0.8 at the cluster center. In contrast, for galaxies with stellar masses greater than 5×10 10 M⊙, the red fraction only increases by 30% from 0.6 at the virial radius to 0.8 at the cluster center. Because cold gas consumption times in low mass field galaxies are long, one might ask whether stripping of an external reservoir of ionized or hot gas can lead to such strong effects with cluster-centric radius. In a recent paper, Guo et al. (2011) implemented a model in which the hot gas mass around satellites is reduced in direct proportion to the mass of its surrounding dark matter subhalo, which loses Figure 1 . Histograms of the velocity dispersion σ V of the clusters in our sample. The black solid histogram is for the full sample, while the red dashed and blue dotted histograms are for the subsets from von der Linden et al. (2007) and Berlind et al. (2006) . mass continuously due to tidal stripping. In addition, Guo et al computed the radius at which ram-pressure forces due to the satellite's motion through the intracluster medium would remove the hot gas. The mimimum of the tidal radius and the ram-pressure stripping radius define the radius beyond which gas is removed from the subhalo. As shown in their Figure 2 , this model does not reproduce the stellar mass dependence of cluster galaxy red fractions at distances less than ∼ 0.5Rvir from the cluster center.
In this paper, we analyze 300 clusters and groups from the samples of Berlind et al. (2006) and von der Linden et al. (2007) , looking for clues as to why environmental effects on low mass galaxies are so dramatic. In section 2, we describe the cluster and galaxy samples and introduce a photometric gas mass indicator that is useful for estimating the degree to which the interstellar medium of a cluster galaxy has been depleted with respect to a similar galaxy in the field. In section 3, we study the radial dependence galaxy colours/gas fractions in the two-dimensional plane of stellar mass M * and stellar mass surface density µ * . At fixed cluster-centric radius, we find that decrease in inferred cold gas mass fraction is a stronger function of stellar surface mass density than stellar mass. In section 4, we look at the dependence of stripping effects on the cluster/group velocity dispersion and in section 5, we summarize and discuss the implications of our results. Throughout this paper we assume a spatially flat concordance cosmology with Ωm = 0.3, ΩΛ = 0.7 and H0 = 100hkms −1 Mpc −1 , where h = 0.7.
DATA

The cluster catalogue
The cluster catalogue used in this paper includes 300 unique galaxy clusters, of which 181 were identified by von der Linden et al. data release (DR3). Our cluster sample is restricted to have redshift z < 0.06 (see next section), to have richness N member 10, velocity dispersion σV 150kms −1 and area completeness fcover 0.5. The area completeness is defined by
where A f ull (< 2r200) is a circular sky area centered on the brightest cluster galaxy (BCG) with radius twice the virial radius of the cluster (r200), and Asurvey is the area inside the same circle that is covered by the SDSS survey. The area completeness is unity for clusters far enough from the survey edges, but can be very low for clusters near the edges. Following Finn et al. (2005), we estimate a virial radius for each of our clusters, r200 as r200 = 1.73
In Figure 1 we show a histogram of σV for the cluster sample. We note that the vdL07 sample is actually a subset of clusters in the C4 catalogue of Miller et al. (2005) , who identified clusters based on the presence of a "red sequence" of galaxies with similar positions and redshifts. vdL07 implemented an improved method for identifying the brightest cluster galaxy (BCG) and recalculated the velocity dispersion for each cluster accordingly. The cluster-finding algorithm of B06 was based on a redshift-space friends-of-friends method with no requirement that there be a clearly defined red sequence. As can be seen from the figure, the clusters from vdL07 have higher velocity dispersions than the clusters from B06. The combination of the two gives a sample with a wide coverage of velocity dispersion, ranging from ∼ 150km/s to ∼ 800km/s. This corresponds to a wide range in dark matter halo mass, from M h ∼ 2 × 10 12 M⊙ for the Milky Way-type halos up to M h ∼ 5 × 10 14 M⊙ for the most massive halos in the local Universe (see e.g. Li et al. 2012a) .
In this paper, we show results only for the combined sample of clusters. We have tested that all conclusions presented in this paper hold when we analyze the vdL07 and B06 cluster samples separately. The quantitative relations between Hi gas mass fraction and cluster-centric radius in bins of stellar mass and stellar surface density agree for the two samples within the statistical errors. Combining the samples allows us to test whether there are any clear differences in galaxy properties at fixed r/r200 for clusters with low and high velocity dispersions. As we will show in Section 4, these differences are very small.
The galaxy sample
We begin with the parent galaxy sample constructed from the New York University Value Added Catalogue (NYU-VAGC) sample dr72 (Blanton et al. 2005) , which consists of about half a million galaxies with r < 17.6, −24 < M0.1 r < −16 and redshifts in the range 0.01 < z < 0.5. Here, r is the r-band Petrosian apparent magnitude, corrected for Galactic extinction, and M0.1 r is the r-band Petrosian absolute magnitude, corrected for evolution and Kcorrected to its value at z = 0.1. We use stellar masses from the MPA/JHU SDSS/DR7 database 1 , which are estimated from fits to the SDSS ugriz photometry following the philosophy of Kauffmann et al. (2003) and Salim et al. (2007) , assuming a universal stellar initial mass function of Kroupa (2001) .
From the parent sample, we select four volume-limited samples of galaxies according to their stellar mass and redshift. The stellar mass range, the redshift range and the number of galaxies of the samples are listed in Table 1 . The four volume-limited samples include a total of 23,513 galaxies. In Figure 2 we indicate the selection criteria of our samples in the stellar mass versus redshift plane. The parent sample is plotted in the background, grey-coded by the number of galaxies. The samples we choose are the same as in von der Linden et al. (2010, hereafter vdL10 ; see the lefthand panel of their fig.5 ), except that we impose an upper redshift cut at z = 0.06.
Hi mass fraction and Hi deficiency
When discussing the effect of the cluster environment on galaxies, it is much more physically intuitive to carry out analyses using cold gas mass fractions rather than colours or star formation rates. This is because we are trying to understand the impact of processes such as ram-pressure or tidal stripping on the interstellar medium of galaxies (Kormendy & Bender 2012) .
In recent years, 'pseudo' Hi gas mass estimates have 1 http://www.mpa-garching.mpg.de/SDSS/DR7/ been introduced that rely on the fact that the Hi gas mass fraction is strongly correlated with properties such optical and optical/IR colours (e.g. Kannappan 2004 ). Subsequent studies established that a combination of colour and stellar surface mass density provides a more accurate estimation of the Hi mass fraction (e.g. Zhang et al. 2009; Catinella et al. 2010; Li et al. 2012b ).
The most recent version of such estimators was proposed by Li et al. (2012b, hereafter L12) and utilizes a combination of four galaxy parameters:
M * is the stellar mass; µ * is the surface stellar mass density given by log µ * = log M * − log(2πR 2 50 ) (R50 is the radius enclosing half the total z-band Petrosian flux and is in units of kpc). N U V − r is the global near-ultraviolet (NUV) to r-band colour. The N U V magnitude is provided by the GALEX pipeline and the N U V − r colour is corrected for Galactic extinction following Wyder et al. (2007) with ANUV −r = 1.9807Ar , where Ar is the extinction in r-band derived from the dust maps of Schlegel et al. (1998) . ∆g−i is the colour gradient defined as the difference in g − i colour between the outer and inner regions of the galaxy. The inner region is defined to be the region within R50 and the outer region is the region between R50 and R90. The estimator has been calibrated using samples of nearby galaxies (0.025 < z < 0.05) with Hi line detections from the GALEX Arecibo SDSS Survey (GASS; Catinella et al. 2010) , and is demonstrated to provide unbiased Hi-to-stellar mass ratio estimates, M Hi /M * , even for Hi-rich galaxies.
As well as the Hi mass fraction, we will also work with an 'Hi deficiency parameter', H def which we define as the deviation in log(MHI /M * ) from the value predicted from the mean relation between log(MHI /M * ) and galaxy mass M * and stellar surface mass density µ * (see Li et al. 2012b ):
where log(M Hi /M * ) is estimated by equation (3) The relation between the stellar mass of a galaxy and its structural parameters such as stellar surface mass density and concentration index have been found to depend extremely weakly on environment (e.g. Kauffmann et al. 2004; Weinmann et al. 2009 ). The Hi deficiency parameter is thus the most direct measure of the degree to which gas has been depleted in a given cluster galaxy. Because the photometric estimator in equation (3) has been calibrated using the GASS sample, one might question whether it is still valid for galaxies in cluster environments. Cortese et al. (2011) used a sample of ∼ 300 nearby galaxies to investigate the effect of the environment on Hi scaling relations and found that Virgo cluster galaxies still lie on the same 'plane' relating Hi gas mass fraction to stellar surface mass density and colour, even though they are significantly offset towards lower gas content compared to field galaxies.
In Figure 3 we use ∼ 8000 galaxies from the Arecibo Legacy Fast ALFA survey(ALFALFA; Giovanelli et al. 2005 ) to test whether L12 estimator exhibits any significant environmental dependence. We plot the residual in the estimated Hi mass fraction, defined as the difference between Figure 3 . The residual in the estimated Hi mass fraction, defined as the difference between the estimated log(M HI /M * ) value and the observed value, is plotted as a function of overdensity, ln(1 + δ). In the left panel, the black points are SDSS galaxies detected by ALFALFA. The red, green and blue circles are group/cluster galaxies identified by Berlind et al. (2006) that have been detected by ALFALFA. Red symbols show "gas poor" cluster galaxies, green symbols show "typical" cluster galaxies and blue symbols indicate "gas rich" cluster galaxies, with Hi mass fractions as indicated on the plot. In the right panel, the ALFALFA galaxies have been separated into six subsamples according to local density, as indicated on top of the panel. The distributions of gas fraction residuals of these subsamples are shown as coloured lines. The distribution of gas fraction residuals of the B06 cluster galaxies is shown as a thick solid black line.
the estimated log(MHI /M * ) value and the observed value, as a function of overdensity, ln(1 + δ). The overdensity parameter, δ has been estimated by Jasche et al. (2010) through reconstruction of the 3D density field from the SDSS DR7 data. In the right-hand panel of the same figure we plot the histograms of the residual for subsets of galaxies selected by ln(1 + δ). We find that the residual in the estimated Hi mass fraction exhibits a weak, but systematic trend with overdensity, in the sense that the gas fractions of galaxies in high-density regions are slightly underestimated. Cluster galaxies detected by ALFALFA that are included in the B06 group/cluster catalogue are plotted as coloured symbols in Figure 3 and the distribution of residuals is shown as a solid black line in the right hand panel. As can be seen, the Hi content of cluster galaxies is underestimated by 0.1 dex on average, but the galaxies that cause this shift are the gas-rich rather than the gas-poor group/cluster members. This particular paper is focused on the physical processes that cause galaxies to become gas-deficient, so we will leave aside this curious phenomenon for the moment.
RESULTS
We begin by analyzing trends in the N U V − r colours of galaxies as a function of cluster-centric radius. This is a directly observed (as opposed to inferred) quantity that has been found to correlate strongly with the Hi gas mass fraction of nearby galaxies (Catinella et al. 2010 ). In Figure 4 , we plot the difference in the median N U V − r colour compared to galaxies of the same stellar mass and stellar surface density in the field, where the value of the "field galaxies" is given by the median value of the subsample of the NYU-VAGC sample dr72 in the same coverage of stellar mass and stellar surface density. Results are plotted as a function of distance from the BCG, scaled to the virial radius of the cluster. The four panels show results for galaxies in different stellar mass intervals.
2 Black lines show results for all galaxies in a given mass interval, while red and blue curves show results for high and low values of µ * , respectively. Errors are estimated using a standard bootstrap resampling technique.
In all stellar mass intervals, the difference in N U V − r color increases with decreasing cluster-centric distance. The strength of the effect depends strongly on stellar mass. For galaxies with stellar masses less than 10 10 M⊙, the N U V − r colour reddens by more than 2 magnitudes from the virial radius to the center of the cluster. For galaxies with stellar masses greater than 3×10 10 M⊙, the reddening is only ∼ 0.5 magnitudes. The very large differences between the blue and red curves in Figure 4 show that the effect at fixed mass is mainly driven by the dependence of the reddening on surface Figure 4 . The difference in the median N U V − r colour compared to galaxies of the same stellar mass and stellar surface density in the field, where the value of the "field galaxies" is given by the median value of the subsample of the NYU-VAGC sample dr72 in the same coverage of stellar mass and stellar surface density. Results are plotted as a function of distance from the BCG, scaled to the virial radius of the cluster. The four panels show results for galaxies in different stellar mass intervals. Black curves show results for all galaxies. Galaxies with higher and lower surface mass density µ * are showed as red dotted and blue dashed lines (the division points are labelled in each panel). Errors are estimated via bootstrap resampling. mass density. We will come back to this point in more detail later.
We now turn to trends in "inferred" Hi mass fraction with cluster-centric radius. In the left panel of Figure 5 we plot the difference in the median Hi mass fraction with respect to field galaxies of the same stellar mass, as a function of scaled distance from the brightest cluster galaxy (BCG). In the right panel of Figure 5 we show the same plot, except that the Hi mass fractions are normalized to field galaxies of the same stellar mass and stellar surface mass density, i.e. this is a plot of the Hi deficiency parameter defined in the previous section. Figure 5 shows that Hi mass fractions drop by a factor of 2-3 at the centers of clusters with respect to "similar" galaxies in the field. The effects are stronger for less massive galaxies. At all masses, the strongest decrease in Hi gas fraction occurs just at the virial radius. Interestingly, the decrease in gas fraction with radius is quite shallow in the central region of the cluster. In order to understand whether this is caused by possible offsets between the BCG and the true center of the potential well, we have repeated our analysis, using the stellar mass-weighted center of the clusters instead of the BCG as their center, and found very similar results. We also note that recent studies of X-ray selected clusters have shown that the offset between the BCG and the peak in X-ray maps is typically ∼ 20 kpc (e.g. ?), much smaller than the scale (∼ 200 kpc) where our gas fraction profiles become shallow. Therefore the offset from the ture center is unlikely the reason for the shallow profiles seen from our figure.
We now divide the galaxies in each stellar mass interval into two subsets with higher and lower surface mass densities, log µ * , and repeat the analysis. The results are shown in Figure 6 . The decrease in Hi gas content with clustercentric distance is always stronger for galaxies with low densities. For galaxies with stellar surface densities greater than 10 9 M⊙ kpc −1 , there is essentially no change in inferred Hi mass fraction with radius. Figure 7 allows the reader to compare the dependence of Hi gas depletion on stellar surface density and on stellar mass at a given clustercentric distance. We plot the mean difference in Hi mass fraction with respect to field galaxies of the same stellar mass and stellar surface mass density in the plane of µ * versus M * . The four panels show results for galaxies located at different cluster-centric distances. We used a two-dimensional adaptive binning technique to adjust the cell size so that each cell includes a fixed number of galaxies (20, 40, 80 and 80, respectively, for the four clustercentric distances). It is clear that the decline in Hi gas content depends more strongly on stellar surface density than on stellar mass. This is true at all radii within the virial radius of the cluster, but is especially pronounced in the first panel of Figure 7 , which shows results for galaxies in the inner cores of the clusters.
Dependence on halo mass
There are a number of possible reasons why galaxies with low stellar surface densities may lose their gas more efficiently in clusters.
The intracluster medium may exert a drag force on the gas in galactic disks. If the density of the gas in the disk scales with the density of its stars, then one might expect ram-pressure to act more effectively on galaxies with low stellar surface densities.
3 Ram-pressure scales with the square of the velocity of the galaxy through the surrounding galaxy, so if this is the main process at work, one would also expect to see it operate more efficiently in clusters with higher velocity dispersions.
Alternatively, encounters between galaxies in groups and clusters may result in stars and other material being pulled out of galaxies. Tidal stripping is most effective when galaxies encounter each other with relative velocities comparable to the internal velocity dispersion of their stars. Tidal stripping is thus not thought to be effective in rich clus- ter environments, where galaxies are moving with average velocities in excess of 1000 km/s.
In Figure 8 , we divide the galaxies in each stellar mass and stellar surface density subsample into two further subsets according to the velocity dispersion of their associated clusters. Our main conclusion is that we do not find any dependence of the gas-radius relation on cluster velocity dispersion, even for low stellar surface mass density galaxies. Considering the relatively large scatter in the velocity dispersion-halo mass relation (e.g. Weinmann et al. 2010) , we would like to point out that our result does not neccessarily imply that there is no trend in the gas-radius relation with dark matter halo mass. Figure 6 , except that galaxies have been divided into two further subsamples according to the velocity dispersion of their host cluster. A cut at σ= 500 km/s is applied and the median velocity dispersions clusters hosting the galaxies in the various subsamples are labelled on each panel.
SUMMARY
In this paper, we have analyzed galaxies in 300 nearby groups and clusters identified in the Sloan Digital Sky Survey using a photometric gas mass indicator that is useful for estimating the degree to which the interstellar medium of a cluster galaxy has been depleted. We study the radial dependence of inferred gas mass fractions for galaxies of different stellar masses and stellar surface densities. Our main results may be summarized as follows.
• The Hi mass fraction of galaxies decrease by a factor of 2 − 3 from the outskirts of clusters to their centres. The decrease in gas fraction is most pronounced around the virial radius and is strongest for low mass galaxies.
• At fixed stellar mass and at fixed clustercentric distance, the depletion of gas in cluster galaxies clearly depends on the stellar surface mass density of the galaxy, in the sense that low density galaxies are more Hi deficient.
• An analysis of depletion trends in the two-dimensional plane of stellar mass M * 1and stellar mass surface density µ * reveals that gas depletion at fixed clustercentric radius is more sensitive to the density of a galaxy than to its mass.
• The gas mass fraction-radius relations exhibit little dependence on the velocity dispersion of the cluster.
We suggest that low density galaxies are more easily depleted of their gas, because they are more easily affected by ram-pressure and/or tidal forces.
In recent work , Fabello et al. (2012) compared the environmental density dependence of the atomic gas mass fractions of nearby galaxies with that of their central and global specific star formation rates. For galaxies less massive than 10 10.5 M⊙, the authors found both the Hi mass fraction and the sSFR to decrease with increasing density, with the Hi mass fraction exhibiting stronger trends than the sSFR. This was interpreted as evidence for ram-pressure stripping of atomic gas from the outer disks of low-mass galaxies. The authors also compared their results with predictions from the semi-analytic model (SAM) of Guo et al. (2011) . They found the opposite trend in the models: the decline in Hi mass fraction with density was weaker than the decline in sSFR. This indicated that the recipe of gas stripping as-sumed in the current SAMs, in which only the diffuse cold gas surrounding satellite galaxies is stripped (often called "strangulation"), is insufficient, and ram-pressure stripping of the cold interstellar medium is likely to play a significant role. Li et al. (2012b) studied the bias in the clustering of Hi-rich and Hi-poor galaxies with respect to galaxies with normal Hi content on scales between 100 kpc and ∼ 5 Mpc, and compared the results with predictions from the current semi-analytic models (SAMs) of galaxy formation of Fu et al. (2010) and Guo et al. (2011) . They found that, for the Hi-deficient population, the strongest bias effects arise when the Hi deficiency is defined in comparison to galaxies of the same stellar mass and size. This is not produced by the SAMs, where the quenching of star formation does not depend on the internal structure of galaxies. The authors proposed that the disagreement between the observations and the models might be resolved, if processes such as ram-pressure stripping, which depend on the density of the interstellar medium (ISM), are included in the models.
The results of this paper point in much the same direction. The finding that is somewhat puzzling is that the gas mass fraction-radius relation does not depend significantly on the velocity dispersion of the cluster, as might be expected if ram-pressure stripping is the main process at work in groups and clusters. One possible solution is that both tidal and ram-pressure stripping are at work and they act on the galaxy population in such a way as to cancel out any significant velocity-dispersion dependent effects. There have been recent detailed studies of ram-pressure stripping and tidal interactions in individual galaxy groups with extensive coverage of the X-ray emitting hot gas from Chandra observations and detailed Hi maps from Very Large Array (VLA) mosaic observations that have indicated that both ram-pressure and tidal stripping can be at work at the same time in a single group (Rasmussen et al. 2012) . Next generation X-ray observations from the eROSITA satellite and wide-field Hi surveys planned at the Westerbork telescope (APERTIF; Verheijen et al. 2008) and at the Australian SKA Pathfinder telescope (ASKAP) will clarify the relative importance of these processes as a function of dark matter halo mass and location of galaxy within their halos.
